Measurement and simulation of anisotropic magnetoresistance in single 
GaAs/MnAs core/shell nanowires 
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We report four probe measurements of the low field magnetoresistance in single core/shell GaAs/MnAs 
nanowires synthesized by molecular beam epitaxy, demonstrating clear signatures of anisotropic magne- 
toresistance that track the field-dependent magnetization. A comparison with micromagnetic simulations 
reveals that the principal characteristics of the magnetoresistance data can be unambiguously attributed to 
the nanowire segments with a zinc blende GaAs core. The direct correlation between magnetoresistance, 
magnetization and crystal structure provides a powerful means of characterizing individual hybrid ferromag- 
net / semiconductor nanostructures. 

PACS numbers: 75.75.-c,75.78.Cd,85.75.-d 



The incorporation of spin-related functionality into 
semiconductor nanostructures provides an exciting new 
route for nanospintronic devices. 1 Nanodevices derived 
from MnAs/GaAs heterostructures present an interest- 
ing opportunity in this context because GaAs is an im- 
portant semiconductor for optoelectronics, while MnAs 
is a ferromagnetic metal with a Curie temperature 
above room temperature (^313-350 K, depending on the 
strain). Indeed, MnAs/GaAs heterostructures have ex- 
cellent compatibility with commonly used semiconductor 
devices. 2 ' 3 In addition, MnAs is a fundamentally inter- 
esting ferromagnet because of the unique competing in- 
terplay between the magnetocrystalline anisotropy and 
the shape anisotropy. 4 Recent work has shown that the 
heteroepitaxy of MnAs on GaAs can also be realized 
in core/shell nanowires (NWs). 5 7 Such NWs constitute 
a novel arena for studying magnetization dynamics in 
restricted nanoscale geometries. However, probing the 
magnetization in such individual NWs is a challenge for 
conventional magnet ometry techniques. Here, we use 
magnetoresistance (MR) measurements of single NW de- 
vices in conjunction with micromagnetic simulations to 
gain insights into the magnetization switching process 
of core/shell GaAs/MnAs NWs. The methodology pre- 
sented here is also applicable to other hybrid core/shell 
semiconductor /ferromagnet NWs of current interest. 8 10 

The core/shell NW samples studied here were synthe- 
sized on GaAs (lll)B substrates in an EPI 930 molecular 
beam epitaxy chamber. We used a catalyst-free growth 
technique for the GaAs NWs, 11 followed by thin film 
growth of a MnAs shell, as detailed in an earlier report. 6 
This growth technique contrasts with other approaches 
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wherein GaAs/MnAs core/shell NWs are synthesized us- 
ing a Au catalyst. 5 ' 7 Additionally, we note that the epi- 
taxial orientation relationship between GaAs and MnAs 
is different from NWs synthesized using a Au catalyst due 
to the different crystal structures of the GaAs core. This 
creates a difference in magnetocrystalline anisotropy that 
has a significant impact on the magnetic domain struc- 
ture of the MnAs shell and the low field magnetotrans- 
port properties. 

Figure 1(a) shows a cross-sectional transmission elec- 
tron microscope image of a single core/shell NW with a 
zinc-blende (ZB) GaAs core of ~200 nm diameter. The 
MnAs shell thickness is estimated to be ~10 nm. The 
GaAs core is mostly in the ZB structure with small seg- 
ments of the wurtzite (WZ) phase; the MnAs shell is 
crystalline with a hexagonal NiAs structure. For the seg- 
ments of the NW with ZB core the growth direction is 
along the [111] direction with six facets belonging to the 
{110} family. The c-axis (hard axis) of MnAs lies in plane 
with the NW facets, at an angle of ~±53° with respect 
to the wire axis. The c-axis of MnAs mirrors itself on 
adjacent facets. For the WZ part of the NW, the growth 
direction is along [001] and the c-axis of MnAs is along 
the NW axis. 6 

We ultrasonically removed the GaAs/MnAs core/shell 
NWs from the substrate and dispersed them onto a 
Si/Si3N4 substrate. The sample was then transferred into 
a dual-beam focused ion beam (FIB) system (FEI Quanta 
200 3D) with in situ scanning electron microscopy (SEM) 
capabilities. After oxide layer milling, we deposited four 
Pt electrodes on single GaAs/MnAs core/shell NWs for 
electrical measurements. We minimized the Ga + ion 
imaging time to reduce contamination and also kept the 
Ga + ion deposition current and chamber pressure low 
to minimize the spreading of Pt. Figure 1(b) shows an 
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FIG. 1. (a) Cross- sectional TEM image of a GaAs/MnAs 
core/shell NW. The GaAs core is in the ZB phase, (b) Single 
GaAs/MnAs core/shell NW device contacted by four FIB- 
assisted Pt electrodes, with L = 1.96 fim. (c) GaAs/MnAs 
core/shell structure used in micromagnetic simulations. 



FIG. 2. (a) Resistivity p of the device in Fig. 1(b) as a func- 
tion of the temperature with an excitation current of 0.5 fiA. 
(b) Resistivity vs. temperature (plotted on a log scale). Ex- 
perimental MR loops with a magnetic field applied (c) parallel 
and (d) perpendicular to wire axis. 



SEM image of a typical device. Subsequent electrical 
transport measurements were carried out in a Quantum 
Design Physical Properties Measurement system using 
a standard four-probe AC resistance bridge. We made 
sure that the contacts are ohmic and used a typical ex- 
citation current of 0.5 \i A. We measured the MR over 
a temperature range 500 mK to 300 K and in magnetic 
fields up to 80 kOe. In total, we fabricated and measured 
four devices. In this Letter, we focus on data from only 
one of these devices; the other devices show qualitatively 
similar behavior. In addition, we carried out control mea- 
surements using a bare GaAs NW device (i.e. without 
any MnAs shell) using the same FIB contacting technique 
with Pt electrodes. This control experiment shows that 
the nominally undoped GaAs core is highly insulating. 
Thus, the GaAs core merely serves as a NW template 
that supports the metallic MnAs shell which dominates 
the transport data discussed in this paper. 

Figure 2(a) shows the temperature-dependent resistiv- 
ity of a GaAs/MnAs core/shell NW with length -1.96 
/im from room temperature (—298 K) down to —500 mK. 
The resistivity of the MnAs shell was — 5 x 10 -4 l]-cm 
at room temperature, which is —5 times higher than a 
typical MnAs epilayer grown on GaAs(OOl). The tem- 
perature dependence of the resistivity shows metallic be- 
havior, similar to that of a MnAs epilayer between room 
temperature and 20 K. However, the somewhat smaller 
residual resistivity ratio (defined as the ratio of the re- 
sistivity at 300 K to that at 4.2 K) indicates that these 
MnAs shells are more disordered than epitaxial films of 
similar thicknesses. 12 Below T « 15 K, the resistivity in- 



creases with decreasing temperature (Fig. 2(b)). Anal- 
ysis to be reported elsewhere shows a temperature de- 
pendence of the conductivity a — InT, consistent with 
the onset of localization in a diffusive two dimensional 
system. The saturation of the resistivity at even lower 
temperatures (T < 1.4 K), shown in Fig. 2(b), is not yet 
understood, but could arise either from trivial heating 
effects or from more interesting dimensional crossover as 
the relevant length scales (such as the phase breaking 
length) increase with lowering temperature. 

Figures 2(c) and 2(d) show the MR of a NW device 
measured at low temperature (T = 10 K) in magnetic 
fields applied parallel and perpendicular to the wire axis, 
respectively. These measurements were carried out af- 
ter first saturating the magnetization of the MnAs shell 
at 80 kOe. We observe a hysteretic MR at low fields, 
superimposed upon a linear negative MR that does not 
saturate even at the highest fields used in the present 
measurements (high field data not shown). The physi- 
cal origin of this interesting non-saturating MR will be 
discussed elsewhere. We focus here on the low field MR. 
For magnetic fields along the wire axis, as we decrease 
the magnitude of the field from its maximum value to 
zero, the resistance initially increases (linear background) 
and reaches a maximum after field reversal at —3.5 kOe 
(Fig. 2(c)). The MR then abruptly changes, indicating 
domain switching. From the epitaxial relationship be- 
tween the MnAs shell and the GaAs core, we conclude 
that this MR feature originates from wire segments with 
a ZB core. Our reasoning is as follows: for segments 
with a WZ core, the MnAs hard axis is along the wire 
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axis; the strong magnetocrystalline anisotropy energeti- 
cally disfavors magnetization in that direction and chang- 
ing the applied field in that direction would not give rise 
to abrupt changes in the MR. Figure 2(d) shows the MR 
with the magnetic field perpendicular to the wire axis. 
Here, the MR is more complex: as we decrease the mag- 
nitude of the field from its maximum value to zero, the 
resistance again initially increases (linear background); 
the resistance then drops sharply after field reversal to a 
minimum at ~8 kOe before recovering at ~4 kOe. This 
behavior suggests a two step reversal process. Again, 
contributions from wire segments with a WZ core cannot 
cause the abrupt changes observed in the MR data: the 
magnetization would be exclusively in the cross section 
of the WZ wire segments favored by both the external 
applied field and magnetocrystalline anisotropy. 

Both hysteretic effects in the measured MR loops per- 
sist up to room temperature and are classic signatures of 
anisotropic magnetoresistance (AMR). Since AMR is di- 
rectly connected to the magnetization of a ferromagnetic 
sample, we can exploit the effect as a sensitive probe of 
the field induced rotation and switching of the magneti- 
zation in these nanostructures. 13 To further gain insight 
into the magnetization reversal process of GaAs/MnAs 
NWs we carried out micromagnetic simulations. The 
magnetic domain structure of MnAs thin films has al- 
ready been the subject of micromagnetic studies using 
finite difference based solvers. 4 ' 14 This approach how- 
ever is not suitable due to the geometry of the core/shell 
structure. We therefore employed the open source fi- 
nite element code MAGPAR 15 to avoid erroneous re- 
sults from the staircase approximation. 16 The domain 
configuration was calculated using the Landau-Lifshitz- 
Gilbert equation with the damping constant a = 0.1. 
The following micromagnetic parameters for MnAs were 
used: exchange stiffness constant A = 1 x 10 -11 J/m, 
uniaxial magnetocrystalline anisotropy constant K u = 
—7.2 x 10 5 J/m 3 , and saturation magnetization M s = 
8 x 10 5 A/m. These parameters were successfully em- 
ployed previously to simulate the magnetic domain struc- 
ture of MnAs thin films grown on GaAs(OOl) 4 and on 
GaAs(lll) substrates. 14 We varied MnAs shell thickness 
and GaAs core diameter from 10 to 20 nm and from 120 
to 160 nm, respectively. Here we present the results of 
a 10 nm thick MnAs shell on a ZB GaAs core (160 nm 
in diameter) being closest to the NW geometry investi- 
gated. The core/shell NW geometry caused a very large 
boundary element matrix and we therefore limited the 
wire length to 250 nm. The finite element mesh was gen- 
erated using GMESH. 17 The average edge length of the 
tetrahedral elements around 5.5 nm was chosen close to 
the micromagnetic exchange lengths and the field step- 
ping was as small as 25 Oe. 

Figure 3(a) shows the simulated hysteresis curve with 
the magnetic field applied along the wire axis. The hys- 
teresis shows a single domain reversal with a coercive 
field of 4.85 kOe in good agreement with the measure- 
ments. The energy barrier separating the two stable do- 
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FIG. 3. Simulated magnetic hysteresis curves of GaAs/MnAs 
core shell nanowires with a ZB core and magnetic fields ap- 
plied (a) along the wire axis (z) and (b) perpendicular to the 
wire axis (x). In panel (b), we show hysteresis loops for the 
magnetization component along the applied field direction x 
and perpendicular to the wire axis M±, and along the wire 
axis My . AMR effect extracted from the simulated hysteresis 
curves for magnetic fields (c) parallel and (d) perpendicular 
to the wire axis. 



main states is caused by the magnetocrystalline hard axis 
being inclined with the wire axis. We used the simulation 
results as the input to the standard heuristic description 
of AMR: 18 



P = P± + (p\\ ~ Pi) cos 2 <p, 



(1) 



where p\\ and p± are the longitudinal and transversal 
resistivities with respect to magnetization and ip the an- 
gle between the magnetization and current density. For 
the NW, the angle is given by the normalized magneti- 
zation along the wire axis: coscp = Mm. Note that for 
MnAs p\\ < p ± . 19 Figure 3(c) shows that the AMR effect 
calculated by Eqn. 1 is in very good agreement with the 
measured MR loop in Fig. 2(c), reproducing shape and 
coercive field well. Note that although there is a reduc- 
tion in MR with increasing field, it does not explain the 
linear background at higher magnetic fields. The overes- 
timation in coercive field is attributed to an underestima- 
tion of the MnAs shell width. Simulations with varying 
NW geometries showed a decrease in coercive field with 
increasing shell thickness. The experimental determina- 
tion of the MnAs thickness from the TEM image was 
challenging due to the low contrast between the core and 
the shell and is held responsible for this discrepancy. 

Figures 3(b) and 3(d) show the simulated hysteresis 
curves and AMR loops for magnetic fields applied per- 
pendicular to the wire axis [x-axis, see Fig. 1(c)]. Two 
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magnetization curves, M± in the applied field direction 
and My along the wire axis, are overlayed. The hys- 
teresis reveals two discontinuous changes at 2.1 kOe and 
3.4 kOe: the two facets aligned within the applied field 
[upper and lower facet, cf. Fig. 1(c)] reverse at a lower 
field, whereas all other facets that are inclined to the ap- 
plied field direction switch at the higher field value at 
once. The increase in magnetization along the wire axis 
M\\ between the two switching events originates from the 
epitaxial relationship, i.e., the inclination of the hard axis 
with respect to the wire axis and the alternation of the 
angle in adjacent facets. Reducing the magnetic field 
from saturation, the magnetization in the facets deviates 
from the ^-direction and aligns in the respective facet 
planes, perpendicular to the "local" hard axis, to mini- 
mize demagnetization and magnetocrystalline anisotropy 
energies. This causes My of the upper and lower facet 
to be antiparallel with My of all other facets, which in 
turn gives rise to a small net My of the wire. Revers- 
ing M± is accompanied with reversing My . If the upper 
and lower facets reverse, My has the same orientation 
in all facets between the two switching fields, giving rise 
to a large My. At larger fields the magnetization of the 
slanted facets reverses, reducing the net My. The cal- 
culated switching fields are smaller than measured. A 
possible source of error is the alignment of the NW in 
the applied field. Although a sufficiently precise line-up 
of the nanowire axis was easily achieved, the control over 
the azimuthal orientation is challenging and might cause 
the discrepancy. Disregarding the linear background, the 
measured MR is well reproduced by the AMR effect de- 
rived from the magnetization curve My. A two-step re- 
versal process and the reduction in MR between the two 
reversal field steps due to a large My are correctly pre- 
dicted. 

In conclusion, low field MR measurements of single 
GaAs/MnAs core/shell NWs reveal the AMR effect of 
the wire segments with a ZB GaAs core superimposed 
on a linear background. Both MR loops measured for 
fields perpendicular and parallel to the wire axis are well 
reproduced by micromagnetic simulations, even for a rel- 



atively complex geometry. The combination of MR mea- 
surements with micromagnetic simulations thus provides 
a powerful means to gain insight into the domain struc- 
ture and dynamic properties of functional ferromagnetic 
nanostructures. 
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